ABSTRACI Two groups of rats were exposed to quartz dust for six months and in addition one group was given drinking water containing 1-5% sodium glutamate while the second received only water. In the rats receiving glutamate we observed (a) evidence for a considerably reduced cytotoxic effect of the quartz on cells obtained by bronchopulmonary lavage, (b) a reduction in dust retention in the lungs, especially in the tracheobronchial lymph nodes, (c) a considerable reduction in the weight gain in the lungs and in their hydroxyproline and lipid contents, and (d) the inhibition of the formation of silicotic nodules. Polarographic studies of the oxygen consumption of peritoneal macrophages from rats receiving glutamate showed that glutamate prevents the adverse effects of quartz on mitochondrial oxidative processes.
ABSTRACI Two groups of rats were exposed to quartz dust for six months and in addition one group was given drinking water containing 1-5% sodium glutamate while the second received only water. In the rats receiving glutamate we observed (a) evidence for a considerably reduced cytotoxic effect of the quartz on cells obtained by bronchopulmonary lavage, (b) a reduction in dust retention in the lungs, especially in the tracheobronchial lymph nodes, (c) a considerable reduction in the weight gain in the lungs and in their hydroxyproline and lipid contents, and (d) the inhibition of the formation of silicotic nodules. Polarographic studies of the oxygen consumption of peritoneal macrophages from rats receiving glutamate showed that glutamate prevents the adverse effects of quartz on mitochondrial oxidative processes.
It was found earlier' 2 that the long term administration of a 1 5 % glutamate solution in drinking water partly inhibits the development of lung fibrosis in rats after intratracheal injections of quartz and asbestos dust. A subsequent series of experiments in vitro and in vivo proved that this effect is, most probably, due to a considerable increase in the resistance of the macrophage to the cytotoxic action of the dust. 23 Taking into consideration the role of damage to this cell not only in inducing silicotic fibrogensis but also in pulmonary dust retention, we suggested that the protective effect of glutamate might be even more pronounced in the long term inhalation of dust by rats.2 This prognosis was fully confirmed by a new experiment, the results of which are discussed in this paper.
Simultaneously we have continued our studies directed at further clarification of the role of the normalising influence of glutamate on the. energy metabolism of the macrophage under the cytotoxic action of silica which may be the leading cause of the above mentioned cytoprotective effect. Data on the correspondence between such an effect and the beneficial'influence of glutamate on the energy potential of the system of adenosine nucleotides of the cell24 were a precondition to these studies.
Material and methods
Male rats with an initial body weight of 160-200 g were exposed to the inhalation (five times a week, five hours a day) of dust formed by blowing air through a rotating drum containing pulverised quartz rock which was 92-94% alpha-quartz. The mean concentration of total airborne dust in the chamber in which the animals were placed during the six month period of the experiment was 71-3 ± 1.9 mg/M3. Outside the dust chamber some of the rats were given water to drink and others were given a 1-5% solution of glutamic acid neutralised by sodium bicarbonate. Two similar groups of animals were not exposed to quartz. Some 15-20 rats of each of the four groups were killed by the end of the third month (the first stage), and the same number by the end of the sixth month (the second stage) of the experiment. Six of this number were used for the preparation of lung and tracheobronchial lymph nodes sections with subsequent histological study under light microscope, and in other rats the weight of these organs was measured, as well as their dust,5 total hydroxyproline,6 and total lipid' content.
When the lungs were removed, they were first subjected to a single washing out with normal saline through the trachea. The total number of cells in an aliquot sample of lavage was counted, and the remaining volume of lavage was centrifuged. Smears of the sediment were stained to determine the ratio 518 A further experimental study of the antisilicotic effect of glutamate - 
Results
Granulomas possessing the characteristic features of " typical" silicotic nodules, although with a moderately developed collagen fibrosis, were found in large numbers after only six months exposure to quartz dust, and as a rule only in the rats that drank water. At the end of the experiment as well as after a three month period, the animals receiving glutamate showed a preponderance of cellular nodules of irregular shape consisting almost entirely of dust containing cells and with no evident fibrosis, whereas the total number of granuloma was considerably less than in the group not receiving glutamate in the lungs and particularly in the tracheobronchial The results of the determination of the rate of 
Discussion
In our previous studies an increase in the resistance of peritoneal macrophages to the cytotoxic action of quartz was always observed under strictly controlled condition in vitro, regardless of whether the effect was also noted after the preincubation of the cells with glutamic acid, or after prolonged consumption of glutamate by the rats from which the cells were obtained. 24 We therefore had good grounds to expect that the peroral administration of glutamate would exercise a defensive action also on the resistance of pulmonary macrophages to the cytotoxic action of quartz particles deposited in the airways during inhalation. An increase in the resistance of free alveolar macrophages must, in turn, lead to an increase in the efficiency of pulmonary clearance and thereby to the decrease of the retention of dust in the lungs and, particularly, to a decrease of the penetration of dust into the lymphatic system. For those particles which are, nevertheless, retained in the lungs and lymph nodes, the increase in the resistance of tissue macrophages must lead, by the inhibition of the formation of the "fibrogenic' factor-'0 and by other mechanisms involving the intraction of macrophages and fibroblasts,'0-'3 to a weakening of fibrogenic activity. The results of the long term inhalation experiment have confirmed all these expectations.
As seen from table 1, in both stages of the experiment the percentage of clearly degenerated alveolar macrophage (AM) was significantly reduced by the administration of glutamate not only in the rats exposed to quartz dust (about 2-6 times by the third and 4*4 times by the sixth month of the experiment) but also in the rats not exposed to dust (about 1.5 times in both stages). Dust particles from city air are deposited in the airways and, although the number of such particles is lower, the recruitment of AM into the respiratory tract is also low so that the dust load on an average AM is comparable with that in the exposure chamber, especially in the first stage of the experiment. City dust, however, is considerably less cytotoxic than the quartz dust. The percentage of degenerated AM in rats inhaling quartz dust but not receiving glutamate was 2-5 times higher than in the control group in three months and 2-6 times in six months. The fact that the defensive action of glutamate in vivo is more pronounced in the case of quartz dust than in the case of city dust agrees with the previous increase in the relative defensive effect obtained in vitro with an increase in the damaging factor achieved by an increase in the dose of quartz. 2 The enhanced recruitment of neutrophil leucocytes (NL) into the airways is an additional important criterion of the cytotoxicity of inhaled dust.'4-'9 The experience of our laboratory shows that the most informative index in this respect is the ratio of NL to AM numbers in the bronchopulmonary lavage.5 17 20 It was shown that the lower the quantity of macrophage breakdown products (MBP) in the respiratory tract, the lower the NLIAM ratio. Moreover, a small reduction of the MBP dose only decreases the number of NL, whereas a greater one also decreases the number of AM.'7 If, from our experiment, we take the percentage of degenerated AM as a relative measure of the MBP formed in the lower respiratory tract, it can be seen that the above relationships are confirmed by the action of glutamate. In fact, the decrease of the NIJAM ratio caused by glutamate is always due to a decrease in the percentage of AM, but only when the latter are most decreased-namely, in rats inhaling quartz dust for six months-was a decrease in the absolute numbers of both NL and AM observed. All other cases (with less pronounced defensive effect of glutamate) showed a decrease only in the number of NL.
It was shown earlier that the percentage of degenerated AM in rats inhaling quartz produces a higher NI/AM ratio than in rats not exposed to quartz. Some mechanisms to account for this difference were also studied. '7 In this connection it is interesting to note that, although the average percentage of degenerated AM in rats exposed to quartz was lowered to the level of rats not exposed to quartz inhalation by the action of glutamate, the mean value of the NL'AM ratio was significantly higher in the former group than in the latter. Thus an important feature of the cytotoxic action of quartz on AM was observed despite a considerable increase in the resistance of these cells to such an action.
Another piece of indirect evidence of the fact that, even with the application of glutamate, quartz remains specifically cytotoxic to the AM may be the absence of a large number of dust particles inside a single macrophage-especially by comparison with analogous data from our laboratory referring to the inhalation of less cytotoxic dust, titanium dioxide. '7 The most probable cause of this may be that cells with a very large dust load cannot be found in the lavage as they die and decompose. The complete absence of a significant influence of glutamate on this index may, however, be misleading. The point is that at the time of study of the bronchopulmonary 522 lavage (18-20 hours after the end of the last dust exposure) the lower respiratory tract of rats receiving glutamate was freed from deposited particles due, largely, to the higher functional stability of the cells responsible for their elimination. In other words, at that time the probability of AM encountering and engulfing a dust particle was already lower in these rats than in those who had not received glutamate. Therefore, it may be surmised that during each dust exposure and during the first hours after it, when this probability was still virtually the same in both groups, the average AM in rats receiving glutamate could tolerate a larger number of quartz particles than the AM in rats not receiving glutamate.
Data given in table 1 on the total number of phagocytised particles in AM and NL washed out of the lungs also show that at the moment of lavage this quantity is lower in the rats inhaling quartz and drinking glutamate compared with those exposed to quartz but not glutamate. The fact that we deal here with results of a more effective previous clearance, and not with the inhibition of phagocytosis, is shown by the following data on decrease of retention of quartz in the lung.
An indirect proof of the validity of the foregoing interpretation of the indices of phagocytis activity of the free respiratory tract cells with respect to inhaled dust particles (an interpretation that is valid only for the case of "peak" dust exposures, in relation to which the time of study is considerably delayed) is the fact that in the rats inhaling only dust from the city air glutamate did not cause the same decrease in the total number of phagocytised particles. On the contrary, in both stages of the experiment the total number was somewhat higher than without glutamate, whereas the contribution of neutrophile phagocytosis was lowered, reflecting the increase stability of the macrophages. At the same time the percentage of AM and NL with visible engulfed particles was not decreased as in the rats exposed to quartz dust, but was somewhat increased which, possibly, reflects a general non-specific stimulation of their functional state and may be one more cause of a more effective pulmonary clearance.
One of the important features of the adaptation of the phagocytosic mechanism of lung clearance to the changes in the cytotoxicity of dust or resistance of the macrophage is the minimum expenditure of cell resources on the effective clearance. '7 In this case such adaptation was fully evidenced: despite reduced recruitment of AM and especially NL, the quantity of dust deposited in lungs, and especially in the tracheobronchial lymph nodes of the rats during the inhalation periods, was considerably reduced by glutamate (table 2) . If these differences are the Morosova, Katsnelson, Rotenberg, and Belobragina direct result of enhanced clearance the additional reduction of dust accumulation in the lymph nodes may be explained by a decrease in the probability of lymphatic transport of the particles due to their prolonged existence in a phagocytised state as a result of increased resistance of the coniophage to dust cytotoxicity. 21 22 The inhibition of the silicotic effect of quartz by glutamate was evident in the histological description of the lung granulomas after six months of the experiment. Quantitative shifts in the mass of the lungs and their hydroxyproline and lipid content due to exposure to silica were insignificant after three months exposure and, naturally, any effect of glutamate was scarcely noticeable against this background. After three months, however, a tendency to a less intensive development of silicotic changes could be observed in the rats receiving glutamate, although this tendency was not significant.
By the end of six months, the influence of glutamate of the lungs and the tracheobronchial lymph nodes of the rats not exposed to quartz is evident (a statistically significant reduction in the mass of the lungs and their hydroxyproline content being observed). If we take into consideration that during both stages of the experiment glutamate produced no influence on the mass of the other internal organs of the rats it seems likely that in the case of the lungs there has been a diminution in the chronic fibroproductive inflammation which is always observed in laboratory rats and which progresses with age, possibly due to the action of atmospheric pollutants. The correspondence between the reduction of dust retention in lungs of these rats and the reduction of the lung mass and hydroxyproline content cannot be considered coincidental. This is even more true with respect to the rats exposed to quartz. In these animals glutamate produced an undoubtable inhibition to the silicotic action of quartz at the end of six months by all the criteria used. In fact, the hydroxyproline content of the lungs was the same as in the rats of the intact control group. A comparison of the rats exposed to quartz and receiving glutamate with those receiving glutamate but with no dust exposure shows that the fibrogenic effect of quartz dust deposited in lungs remains, although it is far less pronounced compared with the corresponding groups not receiving glutamate. The fact that the fibrogenicity of the silica is considerably reduced but at the same time persists on the background of glutamate action corresponds to a sharp but not complete inhibition of the cytotoxicity of the silica. The fact that, in the presence of quartz dust retained in the lungs the fibrosis observed is not greater than that seen in unexposed rats without glutamate treatment sup-A further experimental study of the antisilicotic effect of glutamate ports the suggestion that glutamate reduces the fibrogenic action of quartz particles which are retained in the lungs despite stimulated pulmonary clearance. The protective effect is considerably higher than that of poly (2-vinyl-pyridine N-oxide) judging from previous experiments conducted in our laboratory. 23 When considering the data on the influence of glutamate on the oxygen consumption of the peritoneal macrophages (table 5) it should be noted that the level of endogenous respiration of the cells not incubated with quartz was the same in the rats -given glutamate as in the control group. Macrophages from rats receiving glutamate for four months, however, responded to the addition of succinate by a somewhat smaller increase in the rate of respiration. This is, possibly, connected with stabilisation of the cell membrane which leads to the reduction in its permeability for the exogenous substrate. There are data24 which show that the permeability of the membrane to succinate is dependent on the degree of cell damage. When incubation with quartz caused most cell damage, judging from the decrease in the rate of endogenous respiration (about 2*2 times that of the control)-namely, in the second stage experiment with macrophages from rats not receiving glutamates-the addition of exogenous succinate gave the greatest increase in oxygen consumption (about 2-9 times). When the cell damage was less pronounced even without glutamate this increase was only 1-6-1-7 times; and at the same stage of experiment with rats receiving glutamate the increase was only 1-3 times.
Cells responding to the addition of succinate by an inhibition of respiration were discovered only in the experiment which studied the influence of quartz on macrophages from rats not receiving glutamate. Most Judging by changes in the rate of respiration after the addition of cyanide, the influence of quartz increased the relative contribution of cyanide resistant respiration while scarcely influencing its absolute value. In other words, the disturbances in the oxidative processes of the cell caused by quartz are almost entirely due to damage of the mitochondria; microsomal oxidation is not affected. It should be noted that during both stages of the experiment, the absolute value of cyanide resistant respiration of the macrophages, with and hout quartz induced damage, is somewhat higher than in the macrophages of control rats. This is probably due to an increased content in the cells of such NAD-dependent substrates as glutamate. Despite this, the relative contribution of cyanide resistant respiration of the macrophages of rats receiving glutamate for four months was not increased by the action of quartz, which suggests a less pronounced disturbance of mitochondrial oxidation.
The critical oxygen concentration-that is, the concentration at which the linear dependence of oxygen consumption by cells is changed to a nonlinear relationship-increases through the action of quartz on the macrophages (see table 4 ). This suggests that the diffusion of oxygen to oxygen consuming enzymes is diminished. The least pronounced (and statistically non-significant) change in critical oxygen consumption caused by the action of quartz was seen in the macrophages of rats receiving glutamate for four months. In both stages of the experiment the critical concentration of oxygen after incubation with quartz is lower in the macrophages of rats receiving glutamate than in those of control rats, although these differences are not statistically significant.
The polarographic data which show the favourable influence of glutamate administration on changes in adenosine nucleotide metabolism induced by the incubation of macrophages with quartz2 4 confirm the considerable part played by the 524 normalising influence of glutamate on the energy metabolism of the cell as a mechanism for increasing its resistance to the cytotoxic action of silica. In There is no reason to suppose that the defensive effect of glutamate is specifically an antiquartz effect. It also counteracts the damage to mitochondrial oxidative phosphorylation seen in acute carbon tetrachloride poisoning.27 The antitoxic effect of glutamate has also been shown in experimental poisoning with sodium fluoride. 28 We have shown that the manifestations of the defensive action of glutamate in vivo are observed to some extent also in relation to non-specific chronic lung pathology in laboratory rats. It would be difficult, however, to find a pathological process other than silicosis in which specific primary damage to a particular cell type plays such an important part in its production; the damaging of pulmonary macrophages by silica particles affects the kinetics of the retention and translocation of silica particles and induces the development of tissue fibrosis and leads to immunopathological elements of the disease. Therefore, even in view of the non-specificity of the defensive action of glutamate on the pulmonary macrophage, it may be considered an effective means of preventing the disease.
